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ABSTRACT
Compressibility effects in a high speed turbulent flow were examined experi-
mentally within a novel pressure vessel equipment setup. The equipment was
assembled, validated and utilized in a series of air and SF6 test cases. Using
these two gases allowed Reynolds Number to be adjusted separately from Mach
Number. In this way, the boundary conditions and nature of the turbulence de-
termined by Reynolds Number were maintained, however the compressibility
effects determined by Mach Number were changed. The turbulent flows con-
sisted of a solenoidal component generated by a high speed fan and a dilata-
tional component by high sound pressure level (SPL) speakers. Large scale tur-
bulence dynamics, including axial, radial and power profiles, remained similar
for both gas cases. However, small scale turbulence dynamics, including veloc-
ity energy spectra and velocity derivative skewness, revealed compressibility
effects at work for the high speed and high SPL cases in SF6.
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CHAPTER 1
INTRODUCTION
Compressible turbulence plays a major role in a variety of aerospace applica-
tions, including high speed commercial and military aircraft [1, 2]. These ve-
hicles primarily operate in flow fields with steep velocity derivatives that can
generate fluid pockets of different densities. The viscous boundary layer about
an aircraft’s fuselage and wings is one such location, where the freestream veloc-
ity transforms to a no-slip zero velocity condition at the surface [3]. Combustion
processes in jet engines compress the freestream fluid in turbulent fuel-air mix-
ing layers to create thrust [4]. The shock wave that protrudes from an aircraft’s
nose at supersonic speeds can adversely affect lift and drag as the shock wave
interacts with aerodynamic flow over the wings [5]. These compressible tur-
bulence phenomena have recently been attributed to cause extreme vibrations,
noise, and drag effects on aircraft traveling at high speeds[2].
Studies in astrophysics have also observed compressible turbulence at work.
Galactic rotations of interstellar medium, which is matter between star systems
in a galaxy, dissipate energy down to the atomic viscosity scale [6]. While typ-
ical solenoidal (rotational) turbulence exhibits a 5/3 inertial range scaling in
energy spectra, an added compressive component in the turbulence dissipates
more energy and therefore exhibits a compressible 2 scaling in the inertial range
[7]. Viscous dissipation in interstellar clouds follows this compressible inertial
scaling in the energy spectra [8]. New theories have emerged that relate com-
pressible turbulent motions such as these to the structure and formation of the
universe [9].
Recent progress in studying these compressibility effects is primarily from
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numerical simulations. Eddy shocklets were first proposed by Lee et al. from
numerical simulations, where fluctuating fields of turbulent eddies generated
shocklets that had all the characteristics of a typical shock wave [10]. Compu-
tational fluid dynamics (CFD) schemes have since been developed to resolve
fluid flow dynamics around shocklets [11]. These shocklets can be identified
with general dilatation criteria, and can exist even in subsonic regimes [10, 11].
Still, many computational findings have yet to be validated by experimental
tests.
The original closed-circuit wind tunnels built to study experimental com-
pressible flows were primarily used to research aerodynamic designs for air-
craft. NACA Langley Research Center’s 21 bar Variable Density Wind Tunnel
(VDT) was used to test aircraft components in air at different atmospheric pres-
sures [12]. The Low Turbulence Pressure Tunnel (LTPT) also at Langley was
used to examine low turbulence intensity flow over airfoils at air pressures up
to 16 bar [13]. The Compressed Air Tunnel at the National Physical Labora-
tory was used to study aerodynamics phenomena at pressures up to 25 bar [14].
At the German Aerospace Center, the Transonic Wind Tunnel (TWG) was used
to research a variety of aerodynamic bodies at speeds up to Mach 1.2 in air
[15, 16, 17].
A variety of compressible gas facilities were later built to specifically study
turbulence. The Shock Tube Research Facility (STURF) at New York’s City Col-
lege was used to investigate shock propagation and grid turbulence up to 207
bar in air [18, 19]. The Southern California Co-operative Wind Tunnel was used
to experiment with grid turbulence in air up to 4 bar [20]. The Princeton Super-
Pipe at the Princeton Gas Dynamics Lab was used to measure scaling laws of
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pipe flows of air up to 220 bar [21]. The Variable Density Wind Tunnel (VDTT)
at the Max Planck Institute was used to evaluate grid turbulence using both air
and sulfur hexaflouride (SF6) at pressures up to 20 bar [22].
Most of these experimental facilities typically used scaled models based on
Reynolds Number to maintain consistency between experiments at different air
pressures. However, scaling models relative to the facility alters the experi-
ment’s boundary conditions. The objective of this experiment is to use two gases
with different speeds of sound in the same experimental setup to change Mach
Number independently of Reynolds Number, as determined by boundary con-
ditions. The hypothesis of this experiment is that compressibility effects can be
isolated from other experimental inputs by allowing only the Mach Number to
change between experiments while keeping Reynolds Number the same. Com-
pressibility effects on turbulent flows are determined by a higher order scaling
in the inertial range of the energy spectra and overall lower absolute values of
velocity derivative skewness statistics. The air and SF6 cases will be compared
and analyzed for these trends.
The following experimental equipment was designed to handle both air and
SF6, similar to the VDTT. Dense SF6 gas, nearly 6 times more than air, with a
similar dynamic viscosity can be used to specify the same Reynolds Number as
in air with a drastically different speed of sound, nearly 2.5 times less than air.
Because compressibility effects become important at higher Mach Number, the
higher speed of sound in air qualifies SF6 to be the compressible gas and air the
incompressible gas for experiments. A high speed fan will provide solenoidal
forcing on the fluid, and an additional compressive, nonrotational forcing will
be imposed on the turbulent jet flow by high sound pressure level (SPL) speak-
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ers. Changing the gas will alter the Mach Number on the turbulent flow im-
posed by the experimental setup without changing the boundary conditions set
by the Reynolds Number.
4
CHAPTER 2
EXPERIMENTAL SETUP
The following describes the Turbulence Research Experimental Equipment
(T-RExE) setup for compressible turbulence experiments. All pressures are
given in terms of absolute pressure unless otherwise specified.
2.1 Pressure Vessel
The 16 bar pressure vessel used in this experiment is a 1385L pressure vessel,
about 1m in diameter and 3m long, shown in Figure 2.1. The entire T-RExE
setup can include up to five cylindrical sections and two semi-spherical end
caps. The cylindrical sections are S235JRG2-EN10025 hot rolled steel 1m in
diameter and 10mm thick with St. 52.3N alloy steel DN1000 x 80mm flanges
welded onto the lip. The sections are manufactured per DIN28032-PN16, where
DN refers to the nominal internal diameter in mm, PN the pressure number
rating in bar, and DIN (Deutsches Institut fu¨r Normung) the German national
organization for standardization. There are two 0.25m long, one 0.4m long, and
two 0.6m long cylindrical sections that are available for use.
The 0.6m long cylindrical sections, which have portholes welded onto the
shell, are the only two cylindrical sections used in the experimental setup de-
scribed here. The portholes are C22.8 Carbon Steel DN300-PN16 flanges welded
onto 12” diameter A106 Grade B Carbon Steel seamless pressure pipe shells.
Similarly, C22.8 DN100-PN16 flanges were welded onto 4” diameter St 35.8
pipes, and C22.8 DN50-PN16 flanges onto 2” diameter St 35.8 pipes for the
smaller portholes on the end caps. All portholes have a mating blind-flange
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Figure 2.1: T-RExE including Pumping System
circular plate that mounts to the outside of the porthole. All surfaces, exclud-
ing mating surfaces, were coated with a rust-preventative, electrically-isolating
paint.
2.1.1 Mounting
The two cylindrical sections were mounted onto rolling carts with portholes
oriented at a 45o angle, shown in Figure 2.2. This design ensured the entire
weight was supported by the cylindrical shell and not by portholes or weld
seams, also making all four portholes accessible in the case that camera tracking
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experiments are used in future.
Figure 2.2: Pressure Vessel Cylindrical Section
The rolling carts, as seen in Figure 2.3, were built using water-jet cut 1/4”
thick aluminum plates, Misumi aluminum 8 series 100x100mm 4-side slotted
beams, and custom-made brackets from extruded aluminum corner struts. Each
aluminum plate was manufactured in two pieces, due to the limited size ca-
pability of the water jet cutter at Cornell’s Clark Hall Machine Shop. A 55A
durometer, EPDM rubber U-channel trim, McMaster 8693K22, lines the top of
the aluminum plates to provide additional support. The rubber trim not only
secures the pressure vessel cylindrical section in place but also electrically iso-
lates the pressure vessel from the metal cart.
Four semi-steel iron SCC-30R420-SSR 4” rigid Service Caster wheels, rated
up to 1000 lbs, were used at the base of each cart. The wheels enabled the carts
to roll the pressure vessel along the 20ft long I-beams installed in the lab. The
I-beams redistributed the T-RExE’s approximate 1.5 ton weight away from the
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floor center to the building’s structural beams. I-beams 5-1/4” wide by 8” tall
were installed so that the beams bow upwards in the center, remaining off the
unsupported, unreinforced floor section.
Figure 2.3: Assembled Cart
The center of mass of each pressure vessel half was barely inside the sup-
porting water-jet aluminum plates. While various structural designs were con-
sidered for supporting the end caps, the rounded end cap shape proved difficult
to reinforce. The end caps were manufactured with lifting eye nuts to support
the end cap weight in tension, but not in compression as needed for these struc-
tural designs. To ensure the pressure vessel’s would not tip over the aluminum
plate’s supporting edge during operation, two US Cargo Control 5420FE-RED
2”x20ft 10,000 lbs static load (3,000 lbs working load) ratchet straps were looped
over each cylindrical section and through the supporting beams, as seen in Fig-
ure 2.4.
To keep the carts on the raised I-Beam tracks, three 1” A36 hot rolled steel
angles, Online Metals #9906, each 6ft long, were secured to each I-beam outside
edge with multiple 1” C-Clamps, Pittsburgh #37842. Thus, 18ft of the I-beam is
available for the carts to separate.
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Figure 2.4: Assembled Pressure Vessel and Cart
The cylindrical sections are bolted together with forty M24 bolts. Each end
cap is permanently bolted to its respective cylindrical section and the two halves
bolted together periodically for experiments. The bolts are twice torqued per the
standard 40-bolt torque sequence up to approximately 15 ft-lbs, then each bolt
checked sequentially clockwise. However, for experiments run at low pressures,
not all forty bolts need be used.
2.1.2 Gaskets, O-rings, and Windows
Rubber gaskets for the large and small portholes were cut from 0.062” thick
50A durometer Neoprene rubber to the dimensional standards for soft rubber
gaskets per DIN and PN specifications. The gaskets were placed onto each port-
hole flange with a small layer of Super Lube Multi-Purpose Synthetic Grease to
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create a pressure-tight seal.
Rubber O-rings for the cylindrical section O-ring grooves were cut to length
from Global O-ring 8.40mm EPDM 70 durometer cord stock and glued at a 45o
angle. The O-rings were also greased with the same synthetic grease as above
to provide a pressure-tight seal. All mating surfaces were sanded smooth and
cleaned of potential leak-causing debris.
To enable potential PIV or particle tracking capabilities, clear plastic win-
dows were designed and manufactured for the large portholes. Acrylic plates
1” thick were chosen for their superior optical properties as well as structural in-
tegrity against bending from differential pressure loading. Although Acrylite R©
cell cast sheet material has a tensile strength of 10,000 psi and compressive
yield strength of 18,000 psi, the material capabilities are limited by the 1,500 psi
strength against stress crazing. A brittle material crazes when small networks
of very fine cracks form on the material surface after subjected to loading. To
prevent crazing in acrylic plates, the maximum imposed material design load
did not exceed the crazing strength.
The acrylic porthole windows were laser cut by the Digital Design and Fab-
rication Studio in the College of Human Ecology at Cornell University. Because
each laser cut pass could only cut 0.6” deep into the acrylic, each plate was laser
cut with a nontraditional second pass. The windows were manufactured to the
same dimensional standards as the mating plates for DN300-PN16 flanged port-
holes. Per the ANSYS analysis of the final design, the porthole windows could
handle up to 3.3 bar internal pressure before the material starts crazing, or up
to 7 bar before yielding or cracking occurs.
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The porthole flange geometry, with a raised lip just inside the bolthole
pattern, resulted in unprecedented bending of the acrylic windows when the
twelve M24 bolts that hold the plate in place were torqued. This deformation in-
troduced unwanted mechanical stress within the window, and essentially trans-
formed the window into a convex lens, which is not ideal for optical measure-
ment techniques. An aluminum reinforcement ring-shaped plate and a thick
hard rubber spacer were designed and prototyped to mitigate this issue. The
ring plate transferred the bolting force through the aluminum and rubber, rather
than through the fragile acrylic window, onto the raised flange. The ring plate
design showed promising results in both ANSYS computational simulations as
well as dimensional analyses of the installed prototype. It is recommended that
each acrylic porthole be equipped with an aluminum reinforcing ring before
further experimentation.
2.1.3 Feedthroughs and Gauges
A few select portholes had the acrylic window installed, while others the origi-
nal 1” thick steel plates. Notably, the steel plate bolted to the porthole closest to
the pressure transducer and power supply equipment was outfitted with sev-
eral pressure-tight feedthroughs. Three 0.25” diameter conductor, 1/2” NPT
Solid Sealing FA14321 feedthroughs were installed to provide power to the 3-
phase fan placed inside the pressure vessel. Copper connectors were designed
and machined in-house to electrically connect the copper conductors to the fan
wiring. This configuration was chosen so the fan’s motor controller could be
placed outside the pressure vessel and monitored for overheating. An addi-
tional 1” NPT Pave 4762 feedthrough, with twelve 18 AWG conductors, was
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installed to provide power to the internally mounted speakers and to measure
the resistance of the US Sensor/Littelfuse Inc USP10982 thermistor for internal
temperature readings.
The static and dynamic pressure ports from the Pitot tube were routed to
the pressure transducer via a multi-conductor Omega Corporation MFT-18-4,
1/2” NPT feedthrough. The feedthrough allowed up to four 1/8” maximum
OD probes to be installed, each compressed by a single-use stainless steel fer-
rule. Small 1/8” OD 3003 aluminum hollow tubes, McMaster 7237K14, were
used to provide access to the pressure ports. The 85A durometer, 1/8” ID,
flexible polyurethane tubing connected the Pitot pressure ports through the
feedthrough and from the feedthrough to the pressure transducer.
To reduce the cross-talk between electrically noisy fan power wires and low-
power hot wire signal, the hot wire signals were rerouted through another Pave
4762 feedthrough in an end cap porthole. As these channels were placed very
close together, it is recommended a single channel is used at a time so the hot
wire signal has a high signal-to-noise ratio. Still, multiple hot wire measure-
ments could be taken simultaneously if desired. The spare feedthrough wires
were also used to power the traverse which positionally translates the probe
mount radially within the pressure vessel.
A 3/8” NPT Apollo 94A-102-01 two-way ball valve, installed in the end cap
porthole plate with an Eaton Aeroquip 2083-8-4S 3/8” NPT adapter, controlled
the gas flow between the pressure vessel and the Enervac GRU-4 SF6 pumping
system. The line was equipped with a DN-8 connector, a pressure-tight fitting
that maintained pressure in the line when disconnected.
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Two analog pressure gauges were installed in the end cap porthole plate to
monitor vacuum and positive pressures. The vacuum SPAN LFS-210-(-1 Bar)-G
gauge can measure from -1 to 0 bar gauge, with 10mbar degradations. The posi-
tive pressure SPAN LFS-210-(2 Bar)-G gauge can measure 0 to 2 bar gauge, with
20mbar degradations. The pressure degradations on these two instruments was
sufficient for experimental purposes, so the desired experimental pressure could
be reached within +/- 5 or 10 mbar respectively. A Nigo 1/4” NPT 180SS Se-
ries three way ball valve was installed to allow pressure to be measured either
by the vacuum gauge or by the positive pressure gauge, as each gauge should
only be subjected to pressures within the indicated pressure range. Subjecting a
gauge to pressures outside their range could damage their internal sensor.
All NPT connections were installed using Teflon R© tape for a pressure-tight
seal.
2.1.4 Pressure Relief Valve
A pressure relief valve (PRV) was installed to prevent the internal pressure from
rising above the acrylic window crazing strength pressure. The PRV became
critical in three cases.
1. Air Flow from the Building Air Supply
When gas flows from high pressure to the pressure vessel through a small
orifice, the orifice acted as a converging-diverging nozzle. The flow is
choked when the downstream pressure is less than a critical pressure p∗:
p∗
po
= 2
γ + 1
γ
γ−1
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where po is the upstream stagnation pressure and γ the ratio of specific
heats. When the flow is choked, the gas reaches sonic speed at the throat
and the mass flow is at a maximum. As the pressure from the building air
supply is 80psi (5.5 bar), the critical pressure is 2.9 bar for the air proper-
ties in Table 2.1. Since the internal pressure will be the PRV overpressure
set to the maximum allowable acrylic plate pressure 3.3 bar, the internal
pressure is higher than the critical pressure and the flow is not choked.
Thus, isentropic relations can be applied to determine the mass and volu-
metric flow rate based on the smallest orifice in the equipment line, which
is 1/8” ID at the building air supply hose nozzle. The Mach number M
can be calculated using the following isentropic relation:
M =
√√√√√
(po
p
) γ−1
γ
− 1
 2
γ − 1
where p is the downstream pressure. Under these conditions, the flow at
the throat is Mach 0.8. To calculate mass flow rate m˙ the following relation
is used:
m˙ = ρAlU¯ = ρAMc
where ρ is the density typically determined with the ideal gas law ρ =
P/RT , R is the gas constant, T temperature, Al the smallest effective area
in the line, and U the velocity signal and U¯ its mean. Speed of sound c is
calculated as:
c =
√
γRT
At these conditions, the mass flow rate is 0.0094 kg/s, and the volumet-
ric flow rate 5.1 CFM at internal pressure p and room temperature T. To
correct to standard pressure and temperature conditions:
SCFM = CFM p
pref
Tref
T
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Table 2.1: Gas Properties
Gas µ [Pa-s] γ c [m/s] M [g/mol] cp [J/kg-K] k [W/m-K]
Air 18.49× 10−6 1.4 345 28.9 1005 0.024
SF6 15.12× 10−6 1.1 136 146.0 669 0.0136
where pref is the reference pressure at 1 bar and Tref the reference tem-
perature at 528oR. Correcting for standard conditions, the flow rate is 16.9
SCFM.
2. SF6 Flow from the Enervac System Storage Tank
In the second case, SF6 gas is routed into the pressure vessel from the
onboard gas tank of the SF6 pumping system discussed below, which can
be pressurized up to 298 psig (21.5 bar). Per the equations above and the
SF6 gas properties in Table 2.1, the critical pressure is 12.5 bar. Since the
internal pressure is below this value, the flow is choked and the mass flow
rate can be calculated as:
m˙ = CdAl
√√√√√(γρopo 2
γ + 1
) γ+1
γ−1
where ρo is the upstream density at stagnation pressure. Using discharge
coefficient Cd = 0.7 [23], and the area of the smallest orifice having 1/8”
ID, the mass flow rate is 0.0574 kg/s, or 6.2CFM at internal pressure and
room temperature, and 20.6 SCFM at standard conditions. However, this
SF6 SCFM flow rate needs to be corrected to be put in terms of air. A
correction factor of 0.44 is calculated by extrapolating correction data in
the Apollo Pressure Relief Valve selection guide manual [24]. The effective
flow rate is 20.6 SCFM/0.44 = 46.9 SCFM.
3. SF6 Flow from the Auxiliary Tank
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The last case that needs examining is SF6 routed from the Enervac pump-
ing system onboard storage tank, with a maximum 69 bar storage capa-
bility. For this upstream pressure, the 40 bar critical pressure is far higher
than the 3.3 bar overpressure, therefore the flow is choked and mass flow
rate is 0.184 kg/s, or 20.1 CFM at internal pressure and 150 SCFM at stan-
dard pressure.
The Apollo Conbraco 19KEE PRV, capable of flow rates up to 166 SCFM, was
chosen since this PRV could handle the highest volumetric flow rate (case 3 at
150 SCFM) to prevent the windows from crazing. The PRV set pressure was
set at 30 psig (3 bar), at which point the PRV begins to open. The PRV is fully
engaged and open at the overpressure of 33 psig (3.27 bar), which is 10% above
the set pressure. At this point, the PRV will release gas from the pressure vessel
at the same flow rate that gas flows into the pressure vessel. This particular
PRV is stainless-steel spring operated, where the spring is set to a particular
length and load to ensure the PRV operates at the appropriate pressures. The
PRV was installed with a 1” NPT elbow on the back vertical plate to keep the
relief valve upright and aligned with gravity. Installing the PRV at an angle not
aligned with gravity induces undesired loads that cause the PRV to engage at a
pressure other than the set pressure.
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2.2 Turbulence Generators
2.2.1 Fan
A three-phase hobby motor Freewing 90mm 12-blade 1250kV fan was mounted
onto an aluminum structure at one end of the pressure vessel. The mount
ensured the fan was located concentrically with the cylindrical sections and
that the fan exit plane was aligned with the cylindrical section mating sur-
face, as seen in Figure 2.5. The three power wires for the three-phase fan
are shielded with 1/2” tinned copper metal braided sleeving Electriduct CE-
COMINOD041552 to limit the electromagnetic noise permeating from the high-
power wires carrying up to 100A current. The three wires terminated to the
internal side of the three 100A feedthroughs described above.
Figure 2.5: Fan and Speakers Mounted in Pressure Vessel
On the external feedthrough side, the three wires were routed through the
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Castle Creations Phoenix Edge 100 motor controller, which converted a two-
wire power input into the three-phase signal. The input speed to the fan was
throttled by a HobbyKing LED Servo Tester, used as a speed controller in this
setting. The motor controller could be powered with three 8S Traxxas Lipo bat-
teries in series, together providing 33.3V and up to 100A. The Readytosky Lipo
Battery Tester Monitor was connected with the Traxxas ID Connector Converter
cable to the Lipo battery so that each cell voltage could be monitored contin-
uously throughout experimental tests. However, running the fan at full speed
drew close to 100A, so the batteries, rated for 5000mAh, could only provide
enough power for 3 minutes total of data measurement. A Traxxas EZ Peak
Dual Charger was used to charge the batteries in between measurement sets.
Powering the motor controller with the Volteq HY30100EX power supply,
which provided up to 30V and 100A continuously, enabled data to be taken
for longer periods of time. The power supply required a NEMA 10-50 electri-
cal connection to be installed in the lab, with 110V and minimum 34A current
circuit to power the device.
2.2.2 Speakers
The turbulent fan flow was driven past four equally spaced Cadence CVL-
88MBX speakers mounted along the internal circumference of the cylindrical
sections, seen in Figure 2.5. The 8” midrange speakers could provide frequen-
cies between 60Hz and 8kHz at sound pressure levels (SPL) projected to be over
160dB. These SPL values were measured with a PCE Instruments PCE-322A
Sound Pressure Level Meter with dBA filtering. The speakers were installed ax-
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isymmetrically to provide equally distributed dilatational forcing on the fluid,
in conjunction with the solenoidal forcing generated by the fan. The acoustic
properties of the pressure vessel, which essentially acts as a resonating cavity,
may potentially add to the dilatational forcing. The resonating frequency of the
T-RExE was experimentally found to be 814 Hz.
The 3D-printed speaker mounts were bolted to flange tabs welded onto the
cylindrical section interior surface. The speaker power was routed through the
feedthrough from custom-made amplifiers as used by Bewley et al [25]. The
amplifiers received the frequency signal from a standard audio jack.
The rough sketch of the general fluid flow throughout the pressure vessel
is shown in Figure 2.6, where the fan (blue) created a flow past the speakers
(yellow) to the hot wire probes (orange). The blue arrows indicate the fan flow
directions and the yellow semicircles the speaker wave propagation. The axial
(x) and radial (r) direction are also noted.
Figure 2.6: Sketch of Flow Throughout the T-RExE
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2.3 Measurement Equipment
Opposite the fan in the pressure vessel were the measurement probes. Up to
three hot wire probes and a single Pitot tube could be mounted on the probe
mount, seen in Figure 2.7.
Figure 2.7: Probe Mount
2.3.1 Pitot Tube
The Pitot tube, a small 1/8” OD 3003 aluminum hollow tube, McMaster
7237K14, was connected to the external Validyne DP103-32 pressure transducer
with 85A durometer 1/8” ID vacuum-rated flexible polyurethane tubing. The
aluminum tube provided only the stagnation pressure, and the static pressure
was routed from the porthole cavity near the feedthrough. In the incompress-
ible cases, velocity is calculated using the Bernoulli equation:
po = p+
1
2ρU¯
2
U¯ =
√
2(po − p)
ρ
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In compressible cases, velocity is calculated using isentropic relations:
p
po
=
(
1 + γ − 12 M
2
)( −γγ−1)
hence
U¯ = cM = c
√√√√√
( p
po
) γ−1
−γ
− 1
 2
γ − 1
where the static pressure was indicated by the pressure gauge, and the stagna-
tion pressure calculated using the static pressure and pressure transducer dif-
ferential. The pressure transducer was calibrated per the Validyne manual [26],
and the voltage signal read as a percent of the pressure transducer’s total allow-
able pressure drop (2 psi for the Validyne DP103-32) using the Validyne CD23
Demodulator.
A second Pitot tube was bent into a U-shape and secured to the fan so
the tube opening was flush with the fan exit plane. The pressure was routed
through the pressure tube feedthrough, and the fan exit velocity calculated per
the specifications above.
2.3.2 Hot Wire Probes
The turbulent velocity data was collected with a TSI Incorporated 1201 Platinum
film probe, a traditional-sized Tungsten probe, a miniature-sized (mini) Wollas-
ton platinum probe, and a tiny-sized Wollaston platinum probe. Table 2.2 shows
the material, diameter dw, length lw, resistanceRw and overheat ratio aw used for
each probe. The traditional, mini and tiny probes were manufactured in-house
using the same process used by researchers in Dr. Laurent Mydlarski’s lab at
McGill University. The tiny probe did not interface well with either anemome-
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Table 2.2: Hot Wire Probe Properties
Probe Material dw [µm] lw [mm] Rw [Ω] aw ao [1/C]
Film Platinum 50.80 1.02 5.7 1.80 0.0038
Traditional Tungsten 5.00 1.29 3.5 1.80 0.0036
Mini Platinum 1.25 0.30 20.0 1.30 0.0024
Tiny Platinum 0.60 0.14 47.0 1.25 0.0016
ter, as the velocity fluctuations caused the highly sensitive and thin sensing el-
ement to quickly become unstable. NSTAPs were also attempted to be used for
measurements but similarly became unstable. These smaller probes picked up
more velocity fluctuations in the flow at frequencies higher than the anemome-
ters’ response frequencies. While attempting to respond quickly with the flow,
the anemometers sent high currents belatedly through the sensing element to
keep the temperature constant, which overheated the wire and caused the sens-
ing element to fracture.
Each hot wire signal wire pair was shielded with 1/2” tinned copper metal
braided sleeving Electriduct CECOMINOD041552 and grounded to the pres-
sure vessel to reduce the electrical noise that contaminated the signal. The
shielding acted as an electrically conductive casing that absorbed and reflected
stray electromagnetic radiation from noisy signals within the lab or pressure
vessel, protecting the delicate hot wire signal within. The pressure vessel, in
turn, was grounded to earth ground.
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2.3.3 Hot Wire Anemometers
The first anemometer used was the 55M01 Dantec Anemometer module, here-
after referred to as the DISA. The DISA included the 55M10 Constant Temper-
ature Anemometer (CTA) module with a 1:20 bridge ratio, and a 55M05 power
pack unit that transformed AC wall voltage into a DC voltage source. The DISA
could test hot wires with a 0.3, 3 or 30 kHz square wave, and output a voltage
signal at +/- 1, 3, 10, or 30 volts. A potentiometer in the wheatstone bridge cir-
cuit could be adjusted to compensate for the cable’s resistance. A short-circuit
wire, which is a probe with its tips soldered together so the only measured re-
sistance is that of the probe’s leads, was connected to the DISA and the zero
resistance potentiometer knob adjusted. Thus, when the actual probe was con-
nected to the DISA, the only resistance the DISA measured was the probe’s sens-
ing element resistance. The overheat resistance was set by the decade resistance
knobs according to the desired overheat ratio. The DISA’s maximum overheat
resistance of 99.99Ω limited its operation to hot wire probes with overheat resis-
tance less than that. Thus, probes with a high resistance, such as nontradition-
ally small probes or NSTAPs, could not be used with the DISA. Additionally,
switching operational modes sent a current spike, sometimes more than 1mA,
through the connected probe, which broke the smaller diameter sensors.
The second anemometer used was the Dantec StreamLine Probe CTA sys-
tem, hereafter referred to as the StreamLine. The StreamLine interfaced with
Dantec’s StreamWare Pro software, which calculated and optimized the Wheat-
stone bridge based on the resistances of the probe, probe leads, probe sup-
port and cable. The traditional probe was operated using the StreamLine’s 1:20
bridge, which auto-calculated and adjusted the overheat resistance. The smaller
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probes were operated using the 1:1 bridge, which used an external Bourns
3683S-1-102L click-potentiometer to adjust the overheat. Although the Stream-
Line was equipped with a signal filter and data acquisition system (DAQ), an
external signal filter and DAQ were used for consistency between the DISA and
StreamLine anemometer measurements.
2.3.4 Signal Filter and DAQ
The hot wire signal was filtered by the Krohn-Hite 3384 Filter, capable of filter-
ing anywhere between 0.1Hz and 200kHz. The signal was first low pass filtered
at 200kHz with a Butterworth filter, and then amplified with an appropriate
gain to maximize the signal amplitude. The filtered signal was collected by the
MC Measurement Computing USB-1608GX-2AO DAQ, which could sample up
to 500 kHz. To avoid aliasing, the data was low pass filtered at 200kHz Nyquist
frequency and collected at 400kHz. The DAQ had an analog input voltage range
of +/- 10V with 16-bit resolution, and could acquire up to 8 differentially ended
signals. Although the DAQ had multiplexed sampling, this was irrelevant as
only one channel was used at a time for this experiment and thus the maximum
DAQ sampling frequency used. The DAQ connected to the computer via USB,
and the data monitored on a custom-made LabView Virtual Instrument (VI).
2.3.5 Probe Traverse
The probe mount was secured to an Instrument Industries PSI 103 Model tra-
verse that varied the hot wire and Pitot tube radial position relative to the fan
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flow. The traverse power and signal wires were routed through a feedthrough
and connected to the controller box. To move the probe mount axially, an ad-
ditional 8020 section of specified length needed to be installed on top of the
traverse. The probe mount structure sat at the end of the far cylindrical section
in the pressure vessel.
2.4 Pressurizing the Pressure Vessel with SF6
The Enervac GRU-4 SF6 Gas Recovery Unit provided all the pumping functions
needed to evacuate air and pressurize the T-RExE with SF6. Throughout this
process, the pressure vessel also underwent a variety of leak tests, all outlined
below. The leak rate q [mbar L/s] is determined using:
q = ∆(pV )∆t
where V is volume, which can be assumed constant over time ∆V = 0, and time
t.
1. Pressurize Step: Overpressure with Air
With all openings bolted closed, the pressure vessel was pressurized to
about 1.2 bar with air from the building air supply.
2. Leak Test: Bubble Test
A generic brand liquid dish soap and water mixture solution was slowly
sprayed onto all potential leak locations, including mating surfaces with
gaskets and O-rings, Teflon R© taped NPT connections, etc. If a leak was
present, bubbles would begin to form. This test caught leaks on the order
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of 1× 10−1 mbar L/s [27]. If no bubbles formed, the equipment passed this
leak test.
3. Leak Test: Air Overpressure Test
With the pressure vessel overpressurized as indicated above, the initial
and final pressures were noted over a 24 hour period. While this test de-
tected leaks on the order of 1.6× 10−1 mbar L/s, this test caught leaks at
overlooked locations. If the pressure did not change within the time pe-
riod, the equipment passed this leak test.
4. Pressurize Step: Evacuate the Air
The GRU-4 included a Just Better Industries Air Vacuum Pump which was
capable of evacuating the air out of the equipment to a 25 micron (0.035
mbar) vacuum pressure. The vacuum pump’s air pump down time, seen
in Figure 2.8, took one hour to evacuate the initial 90% of the pressure
and 15+ hours for the residual 10%. This was typical of vacuum pump
performance as the pump had to work harder to pump out the remaining
air in the vessel [28]. The end pressure corresponded to 0.05kg residual air
left in the pressure vessel, an amount which was deemed small enough to
not noticeably contaminate the ∼9kg of SF6 added in the following SF6
overpressure step.
One major issue that dramatically increased air pump down time was
relative humidity, as the system had to vaporize not only water vapor in
air but also the water vapor absorbed into the pressure vessel walls. Pos-
sible options to mitigate this issue in future include keeping the pressure
vessel sealed closed when not in use, keeping the pressure vessel at vac-
uum, using a heater to evaporate the water out of the air and pressure
vessel walls, or decreasing the wall surface roughness so less water is ab-
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Figure 2.8: Vacuum Pump Air Pump Down, Vacuum Compressor SF6
Pump Down
sorbed [29].
5. Leak Test: Air Evacuation Test
This test was the same as the Air Overpressure Test, but performed again
at this step in the process.
6. Pressurize Step: Overpressure with SF6
The pressure vessel was pumped up with SF6 to about 1.2 bar by the GRU-
4 compressor, the rate of which can be seen in Figure 2.9. Either an auxil-
iary tank or onboard storage tank supplied the SF6. Overpressurizing the
pressure vessel diluted the small amount of air left in the pressure vessel
from the air evacuation step, ensuring the bulk of the gas remaining was
primarily SF6.
7. Leak Test: SF6 Overpressure Test
This test was the same as the Air Overpressure Test, but performed again
at this step in the process. The SF6 leak rate is typically normalized in
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Figure 2.9: Compressor SF6 Pump Up
terms of air using:
qa = qs
√Ms√Ma
whereM was the molar mass, and the subscripts ’a’ and ’s’ were air and
SF6 respectively. While this test detected leaks only down to 3× 10−1 mbar
L/s, it was an integral test in determining if the pumping process intro-
duced any leaks in the system.
8. Leak Test: SF6 Sniffer Test
The SF6 sniffer CPS Products CPSLS790B Refrigerant Leak Detector was
used to check all the leak-potential locations mentioned above. Per the
detector manual [30], the detector was swept at 1 in/s and less than 1/4”
away from the surface at the highest sensitivity. The sniffer could detect
leaks down to 10−6 mbar L/s [27]. The O-ring-sealed cylindrical sections
and gasket-sealed portholes could be taped over, which routes any leaking
SF6 toward the ground, as SF6 is heavier than air. A small gap in the tape
near the ground was left for the sniffer to test for SF6.
9. Pressurize Step: Pressurize to Experimental SF6 Test Pressure
Once it was confirmed the equipment was leak-tight, the pressure vessel
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was pumped to the desired SF6 pressure for experiments.
10. Pressurize Step: Evacuate the SF6
Because SF6 is a potent greenhouse gas [31], an Agilent Dry Scroll Vac-
uum Compressor Pump was added to the original GRU-4 unit to reduce
the amount of SF6 released into the atmosphere after each experiment.
This additional vacuum pump could reduce the SF6 pressure to 1 mbar,
compared to the typical 5 mbar of most other pumping systems. Thus
only 0.009kg of SF6 was released into the atmosphere each experimental
cycle rather than five times that amount. The vacuum compressor pump
down rate can be seen in Figure 2.8.
2.5 Calibration
An initial calibration for each hot wire probe was performed outside the pres-
sure vessel using a pressurized air tank connected to the building air supply.
The probe was subjected to a range of velocities at the jet orifice exit, and the
voltage recorded for each corresponding velocity. The calibration data taken
with the DISA against the pressurized air tank is plotted with ’x’ markers in
Figure 2.10 for the film probe, traditional probe, and mini probe. The same is
done for StreamLine calibration data in Figure 2.11, with the addition of the tiny
probe.
Calibrating the hot wire probe in the fan flow first required data to be taken
with the Pitot tube, then the hot wire probe at the same location, similar to
Bodenschatz et al [22] and Mi et al [32]. With the Pitot tube positioned at a
particular measurement location in the flow, the fan was subjected to a variety of
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power settings and the Pitot tube velocity, calculated per Section 2.3.1, recorded
at each power setting. The traverse was then activated and moved radially so
the desired hot wire probe was placed in the same measurement location. The
fan was subjected to the same power settings and the hot wire probe voltages
recorded at each corresponding velocity. The data is plotted with ’o’ markers in
Figures 2.10 and 2.11 for both air (green) and SF6 (red).
Figure 2.10: Probe Calibration with the DISA
Figure 2.11: Probe Calibration with the StreamLine
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The data was fit with a King’s Law relation:
E2 = A+BU¯n
with hot wire voltage E, and constants A, B and n, plotted with a dashed line.
The pressurized tank nozzle was shaped to have a sharp contraction, so the
exiting velocity exhibited a top-hat profile with less than 0.2% turbulence inten-
sity. Thus the velocity average was not skewed inappropriately by the nonlinear
velocity-voltage relation.
Although the voltage magnitude depended on the filter amplifier gain, the
film probe had larger voltage differences between low and high speeds because
of the high overheat used. The traditional and mini probes had smaller voltage
magnitudes because a lower overheat was used, despite a higher gain on the
signal. The smaller probes’ overheat ratios were determined experimentally to
find the maximum allowable overheat that does not break the sensing element
or make the probe unstable. It was desirable to use the highest overheat possi-
ble as a higher overheat increases the frequency response and sensitivity of the
probe [33].
For the DISA anemometer data seen in Figure 2.10, there was relatively good
agreement between the pressurized tank and in-situ fan calibration curves for
the film probe and traditional probe. However, significant drift can be seen
for the mini probe calibrations due to the small diameter sensing element. In
order to maintain constant temperature, the anemometer sent a higher current
through the probe when the probe was subjected to higher velocities. The higher
current could heat up the wire, causing the material to anneal and the sensing
element to change resistance.
The mini probe was subjected to an annealing period before use where it
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was operated for 24+ hours with a higher overheat and no mean flow, as was
similarly done for NSTAPs [34]. The mini probe in particular needed to be mon-
itored for these changes between measurements and constantly re-calibrated to
account for drift. Similar phenomena can be seen for the StreamLine anemome-
ter data seen in Figure 2.11, with the tiny probe also exhibiting significant drift.
Still, both the mini and tiny probes maintained a continuous relation despite the
drifting calibration curve.
The response frequency and sensitivity of the hot wire probes were heav-
ily reliant on the heat transfer rate from the overheated hot wire probe to the
fluid. The convective heat transfer over a cylinder could be determined from
the Churchill-Bernstein relation for the Nusselt Number Nu:
Nu = 0.3 + 0.62Re
1/2Pr1/3
(1 + (0.4Pr)2/3)1/4
1 + ( Re282, 000
)5/84/5
Pr = cpµ
k
with Pr Prandtl Number, cp specific heat for constant pressure, µ dynamic vis-
cosity, and k thermal conductivity. The Nusselt Number was also defined as:
Nu = hdw
k
with heat transfer coefficient h, which contributed to the heat transfer rate Q:
Q = h(pidwlw)(Tw − To)
with the wire temperature Tw and ambient temperature To. The wire tempera-
ture was calculated using:
Tw =
aw
ao
+ To
with ao the material coefficient of resistance. Using the gas properties per Table
2.1 and material properties per Table 2.2, the SF6 heat transfer rate was approxi-
mately 50% of that for air, which was why the SF6 calibration curve was shifted
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far below the air case. Therefore, since more heat was transferred in the air case,
the hot wire was more sensitive to the velocity fluctuations in air than in SF6.
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CHAPTER 3
LARGE SCALE FLOW CHARACTERISTICS
The following sections describe large scale flow characteristics within the
T-RExE.
3.1 Air and SF6 Experimental Pressure Settings
The SF6 pressure was selected so that the gas achieved the same Taylor
Reynolds NumberReλ as air at standard temperature and pressure, but reached
a different turbulent Mach Number Mt:
Mt =
u′
c
Reλ =
u′λ
ν
where u′ was the 3D rms of the fluctuating velocity u, ν was kinematic viscosity,
and λ was the Taylor scale:
λ =
√
15ν
ε
u′
The Taylor scale depended on dissipation ε, which quantified the rate at which
energy of the large scale was lost to smaller scales. The dissipation approxima-
tion used here was defined as:
ε = Cε
u′3
lo
with lo as the integral length scale, and coefficient Cε ∼ 1 [35]. To match
Reynolds Number:
Reλa = Reλs
u′aλa
νa
= u
′
sλs
νs
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Assuming u′a = u′s and λa = λs given the same fan speed conditions, later
proven in Section 3.2:
νa = νs
µa
ρa
= µs
ρs
where µ was assumed to be relatively constant within the range of pressures
used here. Combined with the ideal gas law p = ρRT , the equation became:
µa
pa
RaT
= µsps
RsT
Assuming temperature was constant Ta = Ts, the SF6 experimental pressure
should be set to:
ps =
µsRs
µaRa
pa
which for pa = 1.0bar evaluated to ps = 0.16 bar using the gas properties from
Table 2.1. The remaining sections in Chapter 3 show this SF6 experimental pres-
sure preserved the large scale flow structures seen in air at atmospheric pres-
sure.
3.2 Fan Characteristics
3.2.1 Power Profiles
Each fan power input setting Pf produced a singular fan exit velocity value U¯f ,
as measured by the Pitot tube positioned at the fan exit plane. The velocities
were calculated according to the incompressible and compressible conditions
per Section 2.3.1. Figure 3.1 shows U¯f for air (green) coincides well with that for
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SF6 (dark red) for various power settings. The Reynolds Number based on the
fan diameter D is:
ReD =
U¯fD
ν
which also matches for the two cases.
Figure 3.1: Velocity, Reynolds Number and Mach Number Power Profiles
The relation between power and velocity can be found by starting with the
incompressible Bernoulli equation:
p1 +
1
2ρU¯1
2 + ρgz1 = p2 +
1
2ρU¯2
2 + ρgz2
where z is height. Point 1 is chosen to be far upstream of the fan such that
U¯1 = 0, and point 2 immediately upstream of the fan such that U¯2 = U¯f . As
both points are along the same horizontal plane, z1 = z2, and ρ is constant, the
revised Bernoulli equation is:
p1 − p2 = dp = 12ρU¯f
2
Assuming power is proportional to force F:
Pf = FU¯
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and force related to change in pressure for an area:
F = dpAf
the equation evaluates to:
Pf =
1
2ρU¯f
3
Af
or more generally:
Pf = Cf U¯f
3
This relation matched that from Bodenschatz et al [22]. Coefficient Cf = 12ρAf
was explicitly calculated to be 2.99× 10−3 for air and 2.45× 10−3 for SF6. The
coefficient derived from the curve-fit experimental power-velocity data was
2.17× 10−3 for air and 2.06× 10−3 for SF6, plotted as a dashed line in Figure
3.1. These derived values deviated 27% and 15% for air and SF6 respectively,
errors which might be due to violations of the inviscid assumption.
Figure 3.1 also shows the relation between power and Mach Number, where
Ms ∼ 2.5Ma due to the smaller speed of sound in SF6. For any input power
setting, ReD and U¯f remained constant for both gases while M is much higher
for SF6. With the fan operating at its highest power to produce M ∼ 0.75 in SF6
at the fan exit, the tips of the fan blades were actually rotating with absolute
speeds M ∼ 2.
3.2.2 Axial Profiles
The axial profiles in air were mapped using the film probe, chosen primarily for
its small drift but also for its high degree of spatial filtering. When the sensing
element length is larger than the smallest length present in the flow, the sensing
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element does not accurately measure all of the length scales and instead spa-
tially averages these scales. This is desirable when measuring mean flow, and
disadvantageous when resolving small scales. Figure 3.2 shows the mean veloc-
ity along the fan axis U¯0 generally decays with axial distance, where the top x-
axis shows x/D and the bottom x-axis x/L. Length L was the distance between
the fan exit plane and probe mount structure, L = 1.2m. Since 0.1 < M < 0.15
for the air axial profile, M was well within the incompressible range M < 0.3.
Figure 3.2: Velocity, Mach Number and Turbulence Intensity Axial Profiles
The turbulence intensity axial profile is shown by the solid line in Figure 3.2,
where u′1 is rms of 1D fluctuating velocity u1. Turbulence intensity is fluctuating
velocity rms divided by the mean. The turbulence intensity hovered around
0.2, which was predicted by Pope and Antonia for turbulent jet flow [36, 37].
There is a pronounced spike at the probe mount structure x/L > 0.9. At this
point U¯0 remained steady but the turbulence intensity increased, indicating the
probe mount structure obstructed the flow and introduced velocity fluctuations.
The turbulent Mach Number, dashed line in Figure 3.2, followed a continuously
decreasing trend with axial distance, with the flow obstruction from the probe
mount structure seen in the distinct peak for x/L > 0.9.
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3.2.3 Hot Wire Probe Position
Although the objective of this work was to study high Mt flows, measuring the
flow close to the fan exit, where M and Mt are maximum, could reveal struc-
tures from the rotating fan blades rather than from the developed turbulence. If
the hot wire probe was set to measure farther downstream, the flow would have
more time to mix and become homogeneous, isotropic turbulence. Because tur-
bulence of this nature is invariant to reflections and rotations, a single sensor hot
wire probe could reveal more information about the entire three-dimensional
structure of the flow. Typically, the turbulence far downstream along the jet
centerline approaches isotropy [38]. If homogeneity and isotropy are assumed,
the rms of the 1D and 3D velocity fluctuations are related as u′ =
√
3u′1.
Mean and fluctuating velocity decreased radially outward, where the
anisotropic shear stress became more prominent. Spatial filtering was more
prevalent with a higher shear rate, which negatively impacted the small scale
isotropy [39]. Since U¯ and u′1 were highest and shear stress minimal on the fan
axis, the measurement location was chosen to be at x/L = 0.66 (x/D = 8.8) and
r/D = 0.
3.2.4 Radial Profiles
Radial profiles of the mean velocity for air and SF6 at x/D = 8.8 were also
mapped with the film probe for consistency, seen in Figure 3.3. For the velocity
vs r/D plot, the SF6 profile had a sharper decline in velocity near the fan axis
compared to air with a larger jet width, perhaps from slight mismatches in kine-
matic viscosity. The profiles collapsed when plotted against the jet half-width
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r1/2, which describes what radial position in the flow has 50% of the fan axis
mean velocity:
U¯(x, r1/2(x)) =
U¯0(x)
2
The profiles remained consistent for x/D < 12, despite this trend typically only
being valid for x/D > 30 [36]. At x/D < 13, the flow profile development was
inhibited by the probe mount structure, which accounts for the deviation from
the collapse at this axial distance downstream.
Figure 3.3: Mean Velocity Radial Profiles
Figure 3.4 shows the turbulence intensity radial profile for x/D = 8.8. For
both air and SF6, the turbulence intensity grew from 0.2 on the fan axis and
increased radially outward [36]. Theoretically, the turbulence intensity could
grow without bound as U¯ approaches zero.
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Figure 3.4: Turbulence Intensity Radial Profiles
3.2.5 Integral Length Scales
The 1D x-direction integral scale was calculated by integrating the correlation
function and normalizing by the velocity fluctuations:
lo =
1
u′21
∫ ∞
0
〈u1(x+ rx)u1(x)〉drx
where rx indicates the incremental x distance along the hot wire velocity signal
[22]. For all fan velocities, the integral scale at the hot wire flow position was
calculated to be 0.054m in air and 0.056m in SF6. Since the integral length scale
varied between gases by < 3%, the remaining analysis uses the average 0.055m,
which is remarkably close to the fan radius of 0.045m. Since the experimental
setup remains the same for all speeds and gases, the same fan length scale drove
the large scale flow and was found in the turbulence as the integral length scale,
regardless of experimental flow conditions.
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3.3 Speaker Characteristics
High SPL speakers were used to generate dilatational motion in the solenoidal
fan turbulence. Figure 3.5 shows a logarithmic correlation between SPL and
speaker input power Psp in air, where SPL magnitude differed based on speaker
frequency f . The SPL spiked at high power for 111Hz and 202Hz because the
speakers are over-powered to the point that the speaker cone physically impacts
its frame. This impact added a second source of noise that is not at the speaker
input frequency.
Figure 3.5: SPL Power Profile
The frequency sweep test in Figure 3.6 demonstrates the SPL sensitivity to
frequency within the pressure vessel. The figure inset shows a generally higher
SPL region occurring near 1kHz, with a local peak at 814Hz noted to be a T-
RExE resonant frequency. Changes to the experimental setup could potentially
change these resonant frequencies, as resonant modes are dependent on the en-
tire T-RExE setup.
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Figure 3.6: Frequency Profile
3.3.1 Forcing Frequencies
The speaker forcing frequencies used in experimental tests were set to particular
frequencies found in the flow. In this way, the dilatational fluid motion gener-
ated by the speakers might interact with the predominant scales already present
in the solenoidal fan turbulence. These frequencies were based on matching
length scales or matching time scales, Table 3.1.
1. Matching Time Scales
The speaker frequency f corresponded to the frequency based on the eddy
turnover time τ = lo/u′1:
f = 1/τ
In both air and SF6, the calculated frequencies fcalc based on the slow,
moderate and fast velocity fluctuations u′ were given in Table 3.1. The
fSPL values were local peak SPL frequencies found close fcalc. These fSPL
values were chosen for testing in order to take advantage of the experi-
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Table 3.1: Speaker Forcing Frequencies
Matching Time Scales
u′ [m/s] fcalc [Hz] fSPL [Hz] SPL [dB]
5 100 111 104
10 200 202 116
15 300 318 122
Matching Length Scales
lo [m] fcalc [Hz] fSPL [Hz] SPL [dB]
.055 6860 6860 164
.055 2720 2704 110
ment’s geometry and produced the highest SPL possible, thereby induc-
ing the largest amount of dilatation motion. The SPL column denotes the
SPL used in the following experiments.
2. Matching Length Scales
The integral length scale was matched to the speaker frequency wave-
length λsp = lo:
f = c/λsp
The frequencies differed based on the speed of sound in either air or SF6.
The fSPL values were chosen similarly as above.
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CHAPTER 4
SMALL SCALE FLOW CHARACTERISTICS
4.1 Fan Taylor Length Scales
The Taylor scale estimates at the hot wire flow position versus the associated
turbulent velocity fluctuation can be seen in Figure 4.1 for the film, traditional,
and mini probes. The 95% confidence interval of the true value, based on Stu-
dent’s t-distribution, at each setting has smaller error bars with increasing u′.
The Student’s t-distribution was chosen here since the number of samples N at
each setting was below thirty. The error bars are calculated using:
λ = λ¯± t.95 σ√
N
where t.95 is the two-tailed t-value for a 95% confidence interval based on the
degrees of freedom N − 1. The mini probe’s 95% confidence interval was gen-
erally larger than that for the the traditional probe because the smaller probe
resolved higher velocity fluctuations at smaller scales.
Figure 4.1: Taylor Scale Estimates
Since the Taylor scale λ ∼ f(u′, lo), the resulting Reynolds Number Reλ ∼
f(u′, λ) was consistent between gases since u′ and lo were the same. The Taylor
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scale was used to calculate Reλ, and is plotted against Mt in Figure 4.2, which
shows that for the same Reλ there are two different Mt values.
Figure 4.2: Turbulent Mach Number for Varying Reynolds Number
4.2 Energy Spectra
The following sections detail the energy spectra calculated at the hot wire flow
position.
4.2.1 Fan Only
The 1D energy spectra E11(κ) for each probe plotted against wavenumber κ =
2pi/l = 2pif/U¯ can be found in Figures 4.3, 4.4 and 4.5 for the film, traditional
and mini probes respectively. This wavenumber relation takes advantage of
Taylor’s frozen turbulence hypothesis, where data taken in terms of time can
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Table 4.1: Air and SF6 Flow Speed Properties
Property Film Traditional Mini
Low High Low High Low High
Reλa 380 983 385 943 353 1005
Reλs 375 1060 351 1140 325 1064
Mta 0.007 0.046 0.007 0.056 0.007 0.053
Mts 0.018 0.116 0.015 0.171 0.016 0.149
ηa [µm] 63.9 15.2 65.7 13.2 65.5 13.7
ηs [µm] 62.3 15.4 71.2 11.6 68.4 12.8
be put in terms of distance by x = U¯ t. Taylor’s hypothesis is valid for low
turbulence intensities, and was found to be valid on-axis of a turbulent jet where
the jet has reached self-similarity and its departure from local isotropy is small
[40]. Moreover, the energy spectra were validated assuming:
∫
E11(κ)dκ =
〈
u21
〉
Each energy spectra figure has a plot of both air and SF6 at low and high
speed settings, the Reλ and Mt values for which can be found in Table 4.1. The
black dashed line shows the wavenumber corresponding to the hot wire’s sens-
ing length. A larger mean velocity introduced larger amounts of turbulent ki-
netic energy into the flow and caused the spectra for all κ to shift upwards,
which was why the high speed setting had significantly more energy than the
low speed setting. Slight deviations in the mean flow velocity changed the rela-
tive magnitude of the spectra, most noticeably at the large scales (small κ).
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Figure 4.3: Energy Spectra of Film Probe
Figure 4.4: Energy Spectra of Traditional Probe
Figure 4.5: Energy Spectra of Mini Probe
The calculated Kolmogorov scales η = (ν3/ε)1/4 are also shown in Table
4.1 for comparison. The Kolmogorov scale estimates were compromised by
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the probes’ spatial filtering since the sensing lengths of all three probes were
larger [41]. The effects from spatial filtering could be seen in the drastically
decreasing energy spectra at high wavenumbers, especially for the high speed
condition. The attenuated energy spectra gives the incorrect impression that
the dissipation range begins close to κ ∼ 1× 103 for the film probe, and close
to κ ∼2.5× 103 for the traditional probe. Note that this κ is just before the
wavenumber corresponding to the traditional probe length.
The smaller sensing length of the mini probe did not spatially filter the data
to the same degree, and was able to better resolve smaller scales as shown by
the extension of the inertial range far past κ ∼1× 104 , where the anemometer
noise level begins. Both the dissipation range and sensing length were buried
within the anemometer noise level. Since the upper frequency of the turbu-
lence measurement was determined by the anemometer frequency response
[33], an anemometer with a faster frequency response and smaller probe would
be needed to resolve the entire inertial and dissipation range at the high speed
setting. The mini probe low speed condition was the only dissipation range that
was resolvable, beginning near κ ∼ 1× 103
The inertial range for turbulent flows:
E11(κ) = Cε2/3κ−n1
where n1 is the inertial range scaling power coefficient and C is a universal
constant typically take to be C = 1.5 [36, 42]. The dissipation in compressible
turbulent flows has a higher value, particularly near shocklets, as compared
to that in incompressible turbulence [43]. The compressibility effects act as a
source of dissipation in addition to viscous dissipation [42]. Compressible tur-
bulent inertial range scaling 0n1 = 2 typically only holds for the compressive
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component of the velocity from the Helmholtz decomposition, whereas the en-
tire energy spectra including the compressive component follows the n1 = 5/3
scaling [44, 45, 42]. However, the 2 inertial scaling can be seen for the entire
energy spectra for the high speed SF6 case.
Figure 4.6 shows the change in the inertial range scaling from low to high
Reynolds and Mach Numbers as compared to the Mydlarski and Warhaft data
[46]. The 95% confidence intervals were based on the bootstrap uncertainty
method. The inertial range scaling n1 started below the typical incompressible
5/3 scaling for undeveloped turbulence, but increased with increasing Reλ to
5/3. The air case hovered around 5/3 for higher Reλ but continued to increase
for SF6. When plotted against turbulent Mach Number, the data collapsed for
low Mt. Because the FS6 case extended to higher Mt, the scaling coefficient n1
continued to increase towards the compressible 2 scaling values. Hence, the
SF6 case tended towards compressibility while the air case remained incom-
pressible.
Figure 4.6: Energy Spectra Inertial Range Scaling
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4.2.2 Fan and Speakers
The following graphs show the energy spectra as measured by the mini probe,
since this probe had the smallest sensing length and therefore minimal spatial
filtering and high temporal resolution. The speakers were driven with SPL
given in Table 3.1. The energy spectra are plotted against frequency instead
of wavenumber to highlight the alignment between speaker driving frequency
and flow frequency.
An increasingly larger pocket of energy at each speaker forcing frequency
for the low speed SF6 case can be seen for the 111Hz, 202Hz and 318Hz energy
spectra in Figures 4.7, 4.8, and 4.9 respectively. The figure insets show the low
speed condition peaks more closely. Since the fan solenoidal turbulence had
higher energy content at low frequencies, the speaker-contributed energy for
lower forcing frequencies was buried within the fan energy spectra. The energy
pocket was easier to discern at high frequencies since the fan turbulent energy
was less. The energy pocket could also be seen within the energy spectra ratio
graph. The 318Hz forcing frequency spectra was the only instance to show a
peak for the high speed SF6 case, seen in Figure 4.9.
Figure 4.7: Energy Spectra at 111Hz
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Figure 4.8: Energy Spectra at 202Hz
Figure 4.9: Energy Spectra at 318Hz
The 814Hz spectra show both air and SF6 cases detected energy at the reso-
nant frequency as well as at higher order resonant modes, seen in Figure 4.10.
These peaks occurred at the frequencies fres indicated in Table 4.2, which shows
how closely fres matches the calculated higher order frequencies fcalc. While
the lower forcing frequencies had a negligible effect on the air case, the air case
experienced these resonating frequency effects, indicating either the flow was
excited or the hot wire was vibrating with the T-RExE.
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Table 4.2: Resonant Frequency Modes
Resonant Mode 1 2 5 7 9
fcalc [Hz] 814 1628 4070 5698 7326
fres [Hz] 814 1628 4070 5698 7327
Figure 4.10: Energy Spectra at 814Hz
For the low speed 6860/2704Hz frequency setting, a single peak could be
seen for SF6 at its frequency, and a broader peak for air at its frequency, seen in
Figure 4.11. A small peak could be seen only for the air high speed condition,
suggesting any interaction between the forcing frequency and the flow was be-
low the fan energy. Since the air case was again excited at its speaker frequency,
it can be assumed the hot wire probe was structurally vibrating with the pres-
sure vessel.
All energy spectra figures showed faster decreasing amounts of energy at
high wavenumbers for the high speed SF6 case compared to the air case. This
phenomena was consistent with a higher power scaling in the inertial range,
indicative of compressibility effects at work.
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Figure 4.11: Energy Spectra at 6860/2704Hz
4.3 Velocity Derivative PDFs
Skewness of the velocity derivative is:
S =
〈
(du1/dx1)3
〉
〈
(du1/dx1)2
〉3/2
where the values are typically negative and its absolute value increasing with
Reλ [36]. Velocity derivative skewness as measured by the mini probe is shown
in Figure 4.12 with a 95% confidence interval denoted by errorbars calculated
using Student’s t-distribution.
Both gases increased to a plateau at −S = 0.3 for air and −S = 0.25 for
SF6. However, typically jets reached −S = 0.4 for this range of Reλ [47]. Poor
spatial and temporal resolution of the hot wire probe and associated equipment
adversely affected the skewness estimate, causing the skewness to be underes-
timated [48]. As aforementioned, the hot wire probes were orders of magnitude
larger than the Kolmogorov scale, and thus the hot wire probes cannot resolve
all the small scale velocity fluctuations.
The absolute value of the skewness for both air and SF6 increased up to
Reλ ∼ 600 before decreasing again. Tabeling et al found a similar decreasing
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skewness after Reλ ∼ 800 [49]. At this point, the turbulence might have transi-
tioned to a different state or the skewness behavior became nonuniversal [49].
Figure 4.12: Velocity Derivative Skewness of Mini Probe
Past Reλ ∼ 350, SF6 skewness values deviated below air skewness values.
Typically, compressibility decreases the absolute value of the skewness [50], as
seen in the SF6 case at the same Reλ as compared to air.
The ’x’ plotted in Figure 4.12 denote the velocity derivative skewness values
at different speaker forcing frequencies. The points generally follow the trend of
the fan, showing this additional fluid forcing motion had no significant impact
on the velocity derivative skewness. Once again it can be seen that the speaker
forcing did not interact with the fan flow motions.
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CHAPTER 5
CONCLUSION
In conclusion, the experimental equipment was successfully used to maintain
the large scale turbulence dynamics, as seen in the power, axial and radial pro-
files, between air and SF6 without changing the boundary conditions. Using
gases with similar dynamic viscosities and adjusting the pressures of each case
so the kinematic viscosities matched enabled flow measurements to be taken at
the same pressure vessel location where Reynolds Number remained the same.
The integral length remained the same for all test cases, while the Taylor length
scales followed the same trend with u′, and thus Reλ, for both air and SF6.
Changing the gas affected the small scale dynamics as determined by the 1D
energy spectra. The energy spectra demonstrated compressible scaling at the
high speed cases for SF6, while the air case remained within the incompressible
scaling regime at the same Reλ. However the limited spatial resolution of the
hot wire probe and temporal resolution of the anemometer limited the highest
scales that could be measured in the flow. In future, smaller probes, such as
tiny probes or NSTAPs, optimized with a higher frequency response anemome-
ter are needed to resolve down to the Kolmogorov scales present in the high
speed flows. Additionally, the influence of the speakers on the flow was limited
to the particular speaker forcing frequency as noted in the frequency content.
Perhaps using a randomized speaker forcing frequency pattern or multiple fre-
quencies simultaneously will enable the speaker forcing to better interact with
the solenoidal fan flow.
Increasing negative skewness values with Reλ of both air and SF6 demon-
strated the high turbulence phenomena present in the flow. Lower absolute
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value of the skewness for SF6 at the same Reλ indicated compressibility effects
at work. The underestimated skewness values as compared to typical jet flow
denote the spatial filtering present in the flow, as the probe did not catch all
the velocity fluctuations at the small scales. As mentioned above, a higher res-
olution equipment setup is necessary to resolve these small scales at the high
speeds.
The development of experimental methods to measure compressible flow
fields is crucial to the advancement of aerodynamic designs and analyses as
well as to our understanding of galactic star formations. Experimental data
will not only provide measured realistic values to be integrated into simula-
tion technologies, but also further explain the scientific phenomena observed in
aerospace and astrophysical studies.
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